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Summary Robotics recently spread to spine biomechanical research. The aim of the present
work is to describe and validate a new method for in vitro studying of a multisegmental spinal
specimen under dynamic conditions. This method relies on the use of a simulator with six
degrees of freedom (to impose movements in all directions), an optoelectric apparatus (for
collecting kinematics data) and an original system for attaching kinematic markers, allowing
their precise removal and replacement under different examination conditions. The accuracy of
measurements as well as their reproducibility under static and dynamic conditions is reported
here in the study of a human lumbar spinal specimen (L1-sacrum). The method appears to be
reliable and reproducible, and should therefore enable future studies of variations in mobil-
ity between healthy and pathological spines, to better understand the inﬂuence of different
implants on spinal kinematics.












ince the last ten years, robotics has spread widely in
odern biomechanics laboratories. Originally introduced to
haracterize the mechanics of knee joint ligaments and
ubriﬁcation, these simulators quickly showed their utility
n experiments on the spine (Mabuchi and Fujie [1], Fujie
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877-0568/$ – see front matter © 2010 Elsevier Masson SAS. All rights re
oi:10.1016/j.otsr.2010.01.006t al. [2]). With six degrees of mobility and the ability
o test global or segmented spinal mobility, they do not
ndeed suffer the effects of classical restrictions of machines
imulating physiological conditions by imposing quasi-static
ovements (Wilke et al. [3], Kunz et al. [4], Miura et al. [5],
anjabi et al. [6], Akamaru et al. [7], Swanson et al. [8]).
he present work reports a new method of testing based on
he use of:
a simulator with six degrees of freedom to exert move-
ments in all directions;
served.




















































optimize the precision of measurement without disturbingFigure 1 Spinal simulator containing a L1-sacrum specimen
instrumented with infrared markers.
• an optoelectric system for collecting kinematics data;
• an original system of kinematics marker attachments, per-
mitting their precise removal and replacement between
different examination conditions.
The purpose of our study is to describe and validate this
new method of experimentation in vitro, by investigating a
human lumbar spinal specimen under dynamic conditions.
Materials and methods
Simulator with six degrees of freedom
The new simulator, testing spinal specimens in vitro under
dynamic conditions, was designed and built in collabo-
ration with engineers of the Biomechanics Laboratory of
the Mayo Clinic (Rochester, MN, USA) (Fig. 1). The system
had two passive translation axes (slides) in the transverse
plane, allowing anteroposterior and lateral movement,
while movement in the axial plane (top to bottom, compres-
sion or distraction) was provided by pneumatic jacks piloted
by computer. The upper part of the simulator, three angular
displacement systems (motorized step-less drive mech-
anism), could give the specimen movements of lateral
inclination, ﬂexion/extension, or axial rotation. Every move
could be applied alone or combined, up to maximal loads
of 20Newton meter (Nm). The forces and moments applied
were measured continuously by a six-component JR3 pres-
sure cell (JR3 Inc., Woodland, CA, USA) located at the
bottom of the machine.
Operation of the simulator was controlled by software
developed at the Mayo Clinic with the Labview program
(National Instruments Corporation, Austin, TX, USA). The
software permitted the application of all movement types,
singly (ﬂexion/extension, lateral inclination or axial rota-




umber of cycles covered and borderline conditions of
ovements or moments. Multiaxial movement freedom,
llowed by upper sliding holding the specimen, elimi-
ated the parasitic efforts of friction and shearing, and
hus obtained pure moments. The test method was truly
ynamic, with continuous recording of moments and move-
ents applied in three spatial planes. It thus differentiated
he methods, classic, quasi-static, when the moments
pplied were increased per stage, often with pullies and
ounter-weights, and the displacements measured after
ach successive load increment (Gay et al. [9], Gay et al.
10]).
pecimen preparation
o validate this new method, a human lumbar spine
L1-sacrum) was dissected and prepared in the Anatomy
aboratory of the Mayo Clinic. All soft, non-ligamentary tis-
ues had been excised, to obtain a specimen containing
he vertebral bodies, the discs, the articular facets, and all
igamentary structures (anterior and posterior longitudinal
igaments, interspinous ligaments) intact. At the levels of
he proximal and distal extremities, Kirschner pins (diame-
er 15 or 18) as well as cancellous bone screws (diameter
.5) were introduced in the bone structures to reinforce ﬁx-
tion. Vertebra L1 and the sacrum were then ﬁxed in acrylic
tructures with polymethyl methacrylate resin. During the
xperiment, the sacrum was maintained in a neutral posi-
ion while the upper vertebra was subjected to movements
f ﬂexion/extension, lateral inclination and axial rotation.
n each test series, the specimen was kept humid with tow-
ls impregnated by saline solution to avoid modifying the
echanical properties of the tissues.
inematics data collection
ridimensional kinematic measurements were collected by
he Optotrak optoelectric acquisition system (Northern Digi-
al Inc., Waterloo, Ontario, Canada), with column-tire gauge
nd three cameras run by Motion Monitor software (The
otionMonitor, Innovative Sports Training, Inc., Chicago, IL,
SA) (Fig. 2). Active markers were attached at the level
f the vertebral bodies studied (L1, L2, L3, L4, L5 and the
acrum), with a rigid ﬁxation set-up developed in the lab-
ratory, allowing their exact removal and replacement in
he same position and orientation in space relative to the
one segments investigated. The system was based on two
breglass pins, for stable hold in the vertebrae, and on the
xistence of two circular metallic structures, one solidly
xed to the pins, and the other holding the Optotrak marker.
he latter may be removed during eventual spinal manip-
lations, then replaced on the pins, without changing its
osition in relation to the bone segment (Fig. 3).
The marker measures 48mm in diameter and has three
nfrared sources spread equally over 120◦ with separations
f 32mm (Fig. 4). The size of the marker was determined tohe stability of ﬁxation to the vertebrae. The camera was
ocated at a ﬁxed distance of 3m throughout the study.
A stylet with an infrared source at 6.7 cm from its tip
as then required to digitize the reference points and delin-























Migure 2 Optotrak optoelectric acquisition system (Northern
igital Inc., Waterloo, Ontario, Canada).
ate the system of local and global coordinates (Fig. 5). The
xes of the global system were demarcated so that the x-
xis corresponded to ﬂexion/extension, the y-axis to lateral
nclination, and the z-axis to the vertical direction.
A local anatomical coordinate systemwas also deﬁned for
ach vertebra (Fig. 6). Eight anatomical reference points
ere digitized with the stylet at the level of the upper
points 1 to 4) and lower (points 5 to 8) plateaus of each
ertebra. The axis passing by the barycentres of four points
f each of the two plateaus served to circumscribe the
igher—lower y-axis (positive towards the top). Two addi-
ional points were then digitized at the base of each pedicle
points 8 and 9) to determine the anteroposterior z-axis











tigure 4 Optotrak marker with three infrared sources.
positive towards the front). Finally, the last mediolateral
-axis was perpendicular to the two previous axes (positive
owards the left). The anatomical origin of the local coor-
inate system, corresponding to the centre of the vertebral
odies, was characterized as the barycentres of points 1 to
digitized on the vertebral plateaus.
easurement precision and reproducibility under
tatic conditions
he static accuracy of our measurement method was evalu-
ted in two ways. According to the ﬁrst method, nine static
oints located on a ﬂat surface were digitized by stylet,
nd a plane was automatically best adjusted to these nine
oints according to the least squares method. The error
elated to reconstruction was then calculated with a pro-
ram developed in the laboratory, using Matlab software
Matlab®, MathWorks, Natick, MA, USA).
igure 5 Equipped with an infrared source, the stylet permits
he digitization of reference points.
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Table 1 Measurement of reproducible data.
Error on distance 1 (mm) Error on distance 2 (mm) Error on distance 3 (mm) Error on distance 4 (mm)
Trial 1 0.02 0.20 0.42 0.06
Trial 2 0.22 0.16 0.24 0.03
Trial 3 0.56 0.10 0.18 0.37
Trial 4 0.19 0.29 0.48 0.47
Trial 5 0.07 0.20























pFigure 6 Local system of anatomical coordinates.
In the second method, eight holes were pierced on
a ﬂat Plexiglas surface (precision drilling: 5m), at pre-
determined distances (141.42 or 28.28mm). The stylet
maintained at the marker was then positioned in each hole,
and the distance between each hole was calculated by the
system. The measurements were repeated six times to eval-
uate errors of the optoelectric system.
Details and reproducibility of the measurements were
assessed by unilateral analysis of variance (Anova) with
repeated measures (Matlab®, MathWorks).Measurement precision and reproducibility under
dynamic conditions
For dynamic evaluation, ﬁve simulations were conducted











xial rotation), up to a maximum moment of 7.5Nm. Mea-
urement accuracy was assessed by comparing rotation of
he most proximal vertebra, ﬁxed to the simulator, and
etermined by:
an infrared marker recognized by the Optotrak in the
global coordinate system;
the inclination sensor (CXTLA02, Crossbow Technology,
Inc., Milpitas, CA, USA) attached to the structure holding
the spinal specimen interdependently of rotary motors.
Differences in terms of movement amplitude obtained
etween the two measurement systems were then quanti-
ed, as well as for ﬂexion/extension and lateral inclination.
For reproducibility, ﬁve series of dynamic tests were per-
ormed in each direction, taking care to remove the markers
nd then reposition them between each test. The interver-
ebral angles and relative displacements of the centre of
ach vertebra in the three spatial planes were then calcu-
ated and subjected to Anova with a posteriori comparison.
< 0.05 was considered as signiﬁcant.
esults
tatic measurements
easurement accuracy by the associated plan method was
.0948mm (quadratic average). The quadratic average of
rror obtained by digitizing the surface points in Plex-
glas was 0.0324mm. The reproducibility measurements
ppear in Table 1. No signiﬁcant difference was observed
etween the six measurements for each distance (F = 1.642;
= 0.209).ynamic measurements
ifferences in movement amplitudes measured with the
ptotrak and the inclination sensor are enumerated in
able 2. Amplitude differences in ﬂexion/extension and lat-
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Table 3 Results of studies of reproducibility in dynamic conditions.
Axial rotation Flexion/Extension Lateral inclination
L2/L3 L3/L4 L4/L5 L2/L3 L3/L4 L4/L5 L2/L3 L3/L4 L4/L5
Angle (degree) Min Mean 1.10 −1.76 −2.80 8.40 10.20 0.00 9.17 −1.08 −9.32
SD 0.18 0.29 0.06 1.08 0.23 0.05 0.46 0.17 0.18
Max Mean 3.23 0.39 −1.52 11.37 12.69 3.67 12.61 1.74 −7.00
SD 0.19 0.25 0.12 1.08 0.07 0.20 0.43 0.13 0.15
Displacement
amplitude (mm)
Lateral Mean 0.71 0.48 0.69 1.03 1.12 1.47 1.14 0.96 1.31
SD 0.06 0.06 0.08 0.02 0.06 0.07 0.05 0.13 0.05
Flex/Ext Mean 1.29 0.65 0.74 1.60 2.07 1.39 2.11 1.31 1.20
SD 0.03 0.06 0.12 0.22 0.06 0.05 0.11 0.05 0.11





















































SD: Standard deviation; Min: Minimum; Max: Maximum; Flex: Flex
ral inclination were respectively, 0.20 and 0.13◦. The study
esults of dynamic reproducibility are reported in Table 3.
or each of the variables measured, no signiﬁcant difference
as observed between different trials.
iscussion
he results of this study show that combination of the new
pinal simulator and the Optotrak system allows the kine-
atics analysis of spinal specimens in vitro in a precise
nd reproducible manner. Static measurement accuracy was
.0948mm while digitizing a surface, and 0.0324mm during
he digitization of known distances. The latter are most use-
ul for future experimental applications, because they are
natomical references that will be digitized (anterior and
osterior sides of vertebral plateau, for example) and not
eometric surfaces.
Error in the measurement of rotations between the sim-
lator sensor and the Optotrak is minimal, with an average
rror below 0.20◦ in each of the directions tested. In addi-
ion, dynamic reproducibility measurements conﬁrmed that
he simulator reliably reproduces the movement imposed in
ach direction, and that any eventual differences observed
etween the conditions tested are really due to changes
ade to the model rather than measurement errors.
Finally, each infrared marker can be removed, then
eplaced, between examination series, without modifying
ts initial position in the global system at the beginning of
ach test. This point is especially important if manipulations
re envisaged during experiments (vertebral instrumenta-
ion or anatomical damage, for example), because they can
e difﬁcult to achieve in the specimen without mobilizing
he sensors. The ﬁbreglass pins, however, bring very stable
xation at the level of the vertebral bodies, and even on
steoporotic vertebral bodies.
In conclusion, we describe and validate a new method
o study the spine dynamically in vitro, combining a solid
nd reliable simulator designed and constructed in the
iomechanics Laboratory of the Mayo Clinic and an origi-
al infrared system (Optotrak) of kinematic data collection.0.05 0.05 0.07 0.06 0.05 0.08
52 1 0.9478 0.9988 1 0.9999 0.9999
Ext: Extension.
he new simulator can be employed to explore the cervical,
horacic and lumbar spine, regardless of the number of seg-
ents included in the model. This method is now available
nd should be in the future of biomechanical investigations
f spinal columns, to inter alia better understand the inﬂu-
nce of different implants on spinal kinematics.
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